Due to integrated stochastic wind and wave loads, the supporting platform of a Floating Offshore Wind Turbine (FOWT) has to bear six Degrees of Freedom (DOF) motion, which makes the random cyclic loads acting on the structural components, for instance the tower base, more complicated than those on bottom-fixed or land-based wind turbines. These cyclic loads may cause unexpected fatigue damages on a FOWT. This paper presents a study on short-term fatigue damage at the tower base of a 5 MW FOWT with a spar-type platform. Fully coupled timedomain simulations code FAST is used and realistic environment conditions are considered to obtain the loads and structural stresses at the tower base. Then the cumulative fatigue damage is calculated based on rainflow counting method and Miner's rule. Moreover, the effects of the simulation length, the wind-wave misalignment, the wind-only condition and the wave-only condition on the fatigue damage are investigated. It is found that the wind and wave induced loads affect the tower base's axial stress separately and in a decoupled way, and the wave-induced fatigue damage is greater than that induced by the wind loads. Under the environment conditions with rated wind speed, the tower base experiences the highest fatigue damage when the joint probability of the wind and wave is included in the calculation. Moreover, it is also found that 1 h simulation length is sufficient to give an appropriate fatigue damage estimated life for FOWT.
Introduction
Due to energy shortage and stringent regulations on environmental pollution, recent decades have witnessed a huge development on the exploitation of renewable and clean energy sources such as wind, wave, tidal and solar. Among these potential energy sources, wind energy is most likely to be widely used in terms of technical and commercial aspects. At present, in China, the majority of wind turbines which have been utilized are bottom-fixed on land or in coastal areas. However, with the increasing size of bottom-fixed wind turbines, more space is needed and this is not practical on land. In addition, the locations of those bottom-fixed wind turbines are restricted by more concerns of visual and acoustic pollutions. Furthermore, in the coastal areas, the costs of bottomfixed wind turbines rise sharply with increasing water depth. It is rather uneconomic for manufacturers and consumers to sustain the cost of large bottom-fixed wind turbines. As a result, a growing interest has shifted to Floating Offshore Wind Turbines (FOWTs) in recent years. Compared to bottom-fixed wind turbines, FOWTs are able to acquire more wind power since deep sea zones have much more stable and stronger wind speed but less considerations of limitations for siting. Currently, there are three main types of foundations for FOWTs under investigation and operation: spar-type, TLPtype and semi-submersible-type.
Generally, a wind turbine under the cyclic loadings from wind and wave is expected to operate for over 20 years. During the design period for any types of wind turbines, fatigue damage is significantly known to be a critical problem. Adequate fatigue strength should be ensured by designers. Many studies have been conducted on cumulative fatigue damages and fatigue life predictions for bottom-fixed wind turbines. Long, Kühn and Tempel (Long and Moe, 2012; Kühn, 2001; Van Der Tempel, 2006) used frequency domain method for fatigue damage assessment of support structures of a wind turbine. Melchers (1987) developed a structural reliability methodology to assess the safety of offshore structures. Argyriadis and Klose, (2007) reported an integrated analysis of the fixed jacket wind turbine under combined wind and wave loads in time domain. They also did a detailed fatigue analysis of the tubular nodes on jacket using the loading derived by integrated analysis. Seidel et al., (2009) used data from the DOWNVInD project to validate the sequential coupling and the full coupling method for jacked wind turbines. Wei (Dong et al., (2011 (Dong et al., ( , 2012 , finished a long-term fatigue analysis for four different types of tubular joints of fixed jacket offshore wind turbine in time domain. He also did a fatigue reliability analysis of jacket support structure based on the fracture mechanics analysis of crack growth and the corrosion-induced crack growth rate. Gao and Moan (2010) completed a long-term fatigue analysis of offshore fixed wind turbines based on time-domain simulations. Nevertheless, for those bottom-fixed wind turbines, substructures do not have 6 DOF body motions under integrated wind and wave loads, which means it is comparatively easy to get acceptably accurate loads and hot spot stresses. However, to a FOWT under integrated wind and wave loads, the equation of motion depends on many non-linear contributions including mooring line forces, aerodynamic and hydrodynamic forces and large displacements. This nature requires that the loads and stresses must be calculated at the updated position. Furthermore, due to the long natural period of a FOWT's motion, it is usually necessary to increase the simulation length to capture slowly varying response.
In recent years, many investigations have been conducted on the accurate calculations of loads and stresses on FOWTs. Ma et al., (2015) studied the dynamic responses of a spar-type wind turbine known as the OC3-Hywind concept by numerical simulation code FAST in time domain, and she provided a good procedure to obtain the loads on floating wind turbines. Bachynski (2014) compared the results of dynamic responses from fully-coupled nonlinear time domain analysis and simplified linear frequency domain analysis for four concepts of tension leg platform wind turbine. Additionally, based on the loads and stresses, the fatigue analysis of a semisubmersible wind turbine was also carried out. Kvittem and Moan, (2015a) estimated the tower base's bending moment and the short-term tower fatigue damage for a semisubmersible wind turbine in frequency domain and compared the results to a study based on a fully coupled, nonliner time-domain analysis. Kvittem (2014) , Kvittem and Moan (2015b) , also did a coupled time domain analysis for a semi-submersible wind turbine by SIMO/RIFLEX with an extension of TDHill and estimated the accuracy of narrow band approximation for fatigue which was proposed by Gao and Moan (2008) . Besides, Kvittem investigated the selection of the parameters (simulation duration, number of random realizations and bin sizes for discretization of joint wind and wave distribution) in fatigue damage calculations. Haid et al., (2013) examined appropriate simulation lengths for load analysis of offshore floating wind turbine and did a sensitivity analysis. His investigations showed that the procedure used for counting the half cycles is more important than the simulation length itself. This paper deals with the short-term fatigue analysis of a spar-type wind turbine tower under stochastic wind and wave loads. The loads (axial force, flapwise bending moment and edgewise bending moment) at the tower base can be calculated by the non-liner aero-hydro-servo-elastic tool FAST. Tower base is simplified as a thin-walled cylinder, which means the axial stress of the tower base can be obtained using a simple formula. Rainflow counting method is applied to the time series of axial stress for the number of stress cycles (corresponding to different mean stresses and stress ranges). According to the specific S-N curve and Miner's rule, the fatigue cumulative damages at the different positions of tower base under stochastic wind-wave loads are available.
In brief, four key issues are going to be investigated in this work:
(1) The comparisons of response spectra and statistical properties for axial stress and fatigue damages at different tower base positions. (2) The effects of simulation length on the results of FOWT fatigue analysis. (3) The influence of misaligned wind and wave conditions on fatigue damage of the tower base. (4) The property of the structural fatigue damage under windonly and wave-only.
In this paper, the models of a spar-type FOWT and corresponding loads are introduced firstly. Then the fatigue damage procedures and the joint wind and wave distributions are illustrated. Furthermore, the specific load cases are defined according to the key issues to be investigated. Based on that, all the results of the axial stress and the short-term fatigue damage are discussed in details.
As the key component connecting wind turbine and floating platform, it is vital to acquaint with the fatigue properties of tower base under the stochastic wind-wave loads which can provide useful information for the tower design of FOWTs.
The spar-type floating wind turbine and the loads in consideration
The fatigue strength is conducted for a NREL offshore 5 MW baseline wind turbine, which is supported by a sparbuoy. This type is well known as 'Hywind' (Fig. 1) . Jonkman et al., (2009) is an internationally recognized FOWT and the corresponding technical parameters have been disclosed to the public.
Wind turbine description
The NREL offshore 5 MW baseline wind turbine ) is a conventional three-bladed upwind variablespeed variable blade-pitch-to-feather-controlled wind turbine. The gross properties of the wind turbine are listed in Table 1 .
The OC3-Hywind spar-buoy (Jonkman, 2010) consists of two cylindrical regions, which are connected by a linearly tapered conical region (Fig. 1) . The draft of the platform is 120 m and the center of mass (CM) of the floating platform, including the ballast, is 89.92 m below still water line (SWL). The floating platform is moored by three catenary mooring lines, one of which is directed along the negative direction of X axis while the other two are uniformly arranged around the platform. The anchor points are located at the water depth of 70 m below SWL and the water depth of the anchors is 320 m below SWL. The natural periods of the six degrees of freedom motion can be obtained by free decay simulations using the software FAST. The details are given in Table 2 (Ma, 2014) .
During the phase IV of OC3 program (Jonkman, 2010) , the tower structural properties and effective mechanical steel properties of the tower are given in Table 3 . To investigate the fatigue damage at different tower base positions under windwave loads, 12 points are uniformly arranged along the tower base circumference (Fig. 2) . Also, four different angles between wind and wave directions are shown in Fig. 2. 
Coupled analysis of FAST
FAST (Jonkman and Buhl, 2005 ) is developed and verified by NREL as an aero-hydro-servo-elastic tool. It is suitable to predict fatigue loads on horizontal-axis wind turbines by fully coupled analysis in time domain. In this study, FAST is applied to obtain the global dynamic response of the system.
The aerodynamic loads on the blades can be calculated in the module of AeroDyn (Moriarty and Hansen, 2005) , which reads a turbulent wind data from TurSim (Jonkman and Kilcher, 2012) . The AeroDyn contains two wake models: the simple BEM (Blade Element Momentum) theory and the GDW (Generalized Dynamic Wake) theory. Thanks to the simplicity of BEM theory and the computational instability of GDW theory at low wind speed, the GDW theory is applied when the mean wind speed is at and over 9 m/s in this study, while the BEM theory with tip-loss, hub-loss and dynamic stall correction is used when the mean wind speed is below 9 m/s (Kvittem and Moan, 2015b) . The hydrodynamic loads are calculated in HydroDyn (Jonkman et al., 2014 ) module based on a combination of potential theory and Morison's equation. The viscous drag forces can be calculated by considering the drag term in the Morison's equation. The second-order wave forces are not included since they are very small compared to the first-order force for the spar-type floater (Roald et al., 2013) . The mooring line forces are calculated based on standard quasi-static model. The equations for FOWTs' motions are established by Kane's dynamics (Jonkman, 2007) . Table 3 The structural and mechanical properties of the tower for OC3-Hywind wind turbine. 
Fatigue analysis procedure
The procedure of short-term fatigue damage analysis for the tower base of offshore floating wind turbine is illustrated in Fig. 3 . Firstly, FAST is applied to conduct the fully-coupled dynamic simulations for those specific wind and wave load cases. By the results of FAST, several critical loads of tower base such as axial force, flapwise and edgewise bending moments are obtained in time domain. On the basis of the simplified structural model of tower base, the axial stress of tower base is calculated in time domain. Secondly, according to the time history of axial stress, the statistical properties such as mean value, stress ranges, standard deviation are assessed. The cyclic numbers of axial stress corresponding to different mean stresses and stress ranges are counted by applying rainflow counting algorithm to the time-series axial stress. The mean stress effect can be estimated by a Goodman correction. The fatigue cumulative damage of the tower base can be calculated using Miner's rule combined with specific S-N curves and the probability of joint wind and wave distribution.
Axial stress calculation
The tower base section is simplified as a thin-walled cylinder structure (Fig. 2 ) without the considerations of welding effects and the connection components between tower and platform. Therefore, a stress concentration factor of 1.0 is applied in this paper (Kvittem and Moan, 2015b) (the hot stress is proportional to this value). The fatigue damage should be calculated for both axial and shear stress components, but the fatigue damage resulted from shear stress is significantly lower than that from axial stress (Kvittem and Moan, 2015b) . Thus, the axial stress is the only component to be considered in fatigue damage calculation.
The axial stress across the section of tower base is calculated at 12 points along its circumference. Ignoring the cross section deformation after the loads are exerted, the axial stress is equal to the nominal axial stress which can be calculated by Eq. (1).
where, N z is axial force, positive direction is pointing to tower top, A is nominal cross sectional area, M y and M x are flapwise and the edgewise bending moments, the directions are based on right-hand rule, I y and I x the sectional moments of the area to Y axis and the X axis, respectively, r is cross section radius and q is the angle from point 1 to the calculated point in counterclockwise direction.
Rainflow counting algorithm
Rainflow counting algorithm was put forward by Matsuishi and Endo (1968) . It has been widely accepted as a reliable method to deal with random signals for fatigue analysis. In fatigue analysis, most fatigue damage parameters are in relation with the cycles measured by hysteresis loops. Rainflow counting algorithm can obtain these hysteresis loops based on time series of stress and strain.
In order to guarantee that the actual extreme value is involved in the time series, a parabolic curve-fitting algorithm is used to estimate the extreme value based on three data points surrounding each local extreme value. Meanwhile, a racetrack filter is to eliminate the small cycles which do not contribute to fatigue damage significantly. The algorithm filters out all potential peaks around their adjacent peaks by amplitudes less than a threshold percentage of the maximum range. Moreover, the unclosed half-cycles are counted as half of a complete cycle.
S-N curve selection
The calculation of fatigue damage is based on the S-N curves derived from constant amplitude coupon testing. A Matlab code named MLife (Hayman, 2012 ) is used to calculate fatigue damage and the S-N curve is given as
where N is the predicted number of cycles to failure for the stress range about a fixed mean stress value s RF ; s ult is the highest stress of the cross section (in absolute value) before failure based on the ultimate strength.
According to the research on the highest stress s ult conducted by NREL (https://nwtc.nrel.gov/Q), if this value is not available, s ult can be calculated by the product of the overall maximum stress value derived from MExtremes (Hayman, 2015) multiplied by a scaling factor (2.5 is applied (https:// nwtc.nrel.gov/Q)). s MF is the fixed mean stress value based on the time-series of stress. m is the negative inverse slope of S-N curve. Based on the geometry of tower base, S-N curve is chosen with categories 'air' from DNV-GL (Veritas, 2010) which provides the accurate parameters used in the fatigue analysis of tower base, thus m is defined as 4.0.
Fatigue damage calculation
For FOWTs, the linear damage models using the Miner's Rule are utilized to calculate the fatigue damage in most cases. The Miner's Rule is a simplified process that calculates the damage increment for each stress cycle and adds up all the damage increments. The calculation of damage increment is based on a specific S-N curve. When the total fatigue damage is equal to 1.0, the structural component will fail.
where, DD i is the damage increment resulting from the ith stress cycle, n i is the number of cycles derived from rainflow algorithm corresponding to the ith stress cycle, N i is the number of cycles to failure at ith stress level, n is the number of stress cycle, D is the total fatigue damage on the basis of S-N curves and the cycles derived from the rainflow algorithm without the considerations of probability and simulation length.
To find out the total damage over a specific period in real environmental situations, the probability of the specific load case must be included in the calculation of fatigue damage. Meanwhile, in order to investigate the effect of simulation length on the calculation of fatigue damage, the factor of simulation length must be included, therefore
where, D tot is total fatigue damage with the probability of the specific load cases p and the simulation length included, T tot is the total duration in the calculation of short-term fatigue damage, T sim is the simulation length of FAST and D is derived from Eq. (4).
Goodman correction
In Eq. (2), it is assumed that the cycles of stress occur over a constant and fixed mean stress value. However, each cycle in the time-series of stress occurs actually over different fixed mean stress values. Therefore, Goodman correction should be applied to the fatigue cycles' stress ranges in Eq. (2) (Hayman, 2012) as:
where s R is the stress range of each cycle about the respective mean stress value s M , ε is Goodman exponent, which is a material constant that allows for the curvature in constant-life lines and. In this work, it is defined as 1.0. Furthermore, in order to eliminate the mean stress effect, s MF can be set to zero.
Joint wind and wave distribution
In order to obtain accurate fatigue damage in real environmental situations, the joint wind and wave distribution should be provided in prior. The joint probability of wind and wave can be calculated by real meta-ocean environment data from EU FP7 project-MARINA Platform (Li et al., 2013) . The joint wind and wave distribution in Atlantic from Buoy Cabo Silleiro site is chosen to obtain the joint probability for different combinations of wind and wave: 
where f Uw,Hs,Tp (u,h,t) is the joint probability density function (PDF) of the mean wind speed U w , the significant wave height H s and the peak spectral period T p , f Uw (u) is the marginal PDF of the mean wind speed U w which follows a two-parameter Weibull distribution, f HsjUw (hju) is the conditional PDF of the significant wave height H s for the given mean wind speed U w . It also follows a two-parameter Weibull distribution. f TpjUw,Hs (tju,h) is the conditional PDF of peak spectral period T p for the given significant wave height H s and the mean wind speed U w which follow a lognormal distribution. The joint probability of wind and wave does not take the misaligned wind and wave condition into account. That means the probability is only related to the parameters of wind and wave (U w , H s and T p ), which has nothing to do with the angle between wind and wave directions.
A stochastic, full-field, turbulence simulator Turbsim is used to simulate the 2-h turbulent wind field. According to IEC 61400-3 (88-61400-, 2005), the Kaimal spectrum using the normal turbulence model with a turbulence intensity of 0.12 is generated by Turbsim. A power law wind shear profile with the exponent of 0.14 is used to describe the vertical change of mean wind speed. The irregular wave is generated by the 3-parameter JONSWAP spectrum with a peak factor of 3.3 in FAST.
Load cases definition
Based on the key points investigated, the specific load cases (LCs) with different combinations of wind and wave are presented in this section. The IEC 61400-3 (88-61400-, 2005) recommends the bin size of 2 m/s for wind speed, while 0.5 m for wave height and 0.5 s for wave period in fatigue analysis. That leads to the excessive load cases and simulation time. To remove unnecessary load cases and obtain acceptable results of fatigue damage, a bin size of 2 m/s is used for wind, while 1 m for wave height and 2 s for wave period in this research (Kvittem and Moan, 2015b) .
Each load case is simulated in FAST for 10 min, 30 min, 1 h and 2 h respectively to estimate the appropriate simulation length for the fatigue analysis of FOWTs. In order to eliminate the transient effect during the start-up phase of the wind turbine, an additional time of 350 s is added to each simulation and removed from the results before post processing.
The load cases and the corresponding joint probabilities of wind and wave are summarized in Table 4 . For three different mean wind speeds within the operation range of NREL 5 MW wind turbine, the most probable parameters of the aligned wave (LC1eLC3 in Table 4 ) are picked out. These load cases are used to investigate the fatigue characteristics of tower base under different sea environments. In order to assess the effect of misaligned wind and wave, four different wave directions (LC4eLC6 and LC2 in Table 4 ) are chosen. Meanwhile, the wind-only condition and the wave-only condition (LC7 and LC8 in Table 4 ) are also chosen to analyze the fatigue characteristics of tower base under wind-only and wave-only conditions. Furthermore, it is also to compare which contributes more to the fatigue damage of tower base.
Results and discussion

Frequency domain analysis of axial stress at the tower base
The spectral density functions of the axial stress can be obtained by applying Fast Fourier Transform (FFT) to the axial stress in 2-h time-series. The power spectra of the axial stress at different positions under the different load cases are shown in this part.
Comparing the wind-wave induced responses at different points of the tower base (Fig. 4) , it can be found that the response concentrates on three main frequency zones which are pitch natural frequency zone (about 0.21 rad/s), wave frequency zone (about 0.52 rad/s) and the 1st fore-aft natural frequency zone of the tower (about 3.2 rad/s). At point 4 and point 10 which are perpendicular to the wind-wave directions, the response from wave frequency is rather small and the level can be ignored, indicating that the incident wave has little influence on the axial stress of tower base. Meanwhile, the 1st fore-aft bending mode of tower has the most prominent influence on axial stress of tower base at point 4 and point 10. However, for the other points, the axial stresses of tower base are mainly affected by pitch resonance and wave resonance. Furthermore, on account of the intrinsic symmetry of tower base and the consistency between wind-wave directions and axis of symmetry (X axis), the points which are symmetric to the origin and coordinate axis have almost the same windwave induced response, which can be observed in Fig. 4 . As in Fig. 5 , the power spectra of the axial stress under wind-wave condition is nearly equal to the sum of the power spectra of the axial stress under wind-only condition and that of the axial stress under wave-only condition. This indicates that the axial stress of the tower base under wind-wave condition can be calculated by adding up the axial stresses under wind-only and wave-only conditions. Under wind-only condition (LC7), the responses appear around pitch natural frequency and 1st fore-aft natural frequency, but no response appears around wave frequency. Under wave-only condition (LC8), the response mainly concentrates in the wave frequency zone. By comparing the power spectra of the axial stresses under wind-only and wave-only conditions, it is clear that the wind and wave induced loads affect the response of axial stress in a decoupled way and the response appearing around pitch natural frequency is stimulated mostly by windinduced loads.
Statistical properties of axial stress and fatigue analysis
The statistical properties of loadings (axial force, flapwise and edgewise bending moments) at the tower base under Table 5 . For all load cases, the flapwise bending moment (M y ) is found to be far greater than the edgewise bending moment (M x ) since both wind and wave come in X direction. Thus, based on Eq. (1), the axial stress is mainly influenced by flapwise bending moment. Nevertheless, for the points which are perpendicular to the direction of wind and wave, the flapwise bending moment has no influence on axial stress. Furthermore, it can be found that the mean value of flapwise moment at the rated wind speed (LC2) is significantly greater than those under the other two load cases. This is because when the wind speed exceeds the rated, the pitch angle of blades increases, and it reduces the thrust on the rotor. Moreover, it is worthwhile to notice that the range of the flapwise bending moment increases with increasing wind speed. The axial force has nearly same value under different load cases. By the comparisons of the axial stress mean value and range at different points of tower base under different load cases (Fig. 6) , it can be observed that the mean value of axial stress reaches its maximum value at the rated wind speed, and the range of axial stress increases with increasing wind speed. This is the same varying tendency for the flapwise bending moment. In addition, according to Eq. (1), the axial stress changes with an angle of q in the form that is similar to the sinusoidal variation. That means the further the point is from wind and wave direction in the Y direction, the smaller the absolute value of mean axial stress value and the range of axial stress are. Furthermore, the absolute mean axial stress values on the lee side are slightly larger than those heading to the waves. That is caused by the superposition of the axial stresses resulted from the flapwise bending moment and the axial force for the points on the lee side.
Judging by the fatigue damages of the tower base at different points (Fig. 7) , the points in the wind-wave direction experience the maximum fatigue damages while the points in the direction perpendicular to wind-wave experience the minimum fatigue damages. Meanwhile, the points on the lee side experience greater fatigue damage than those points on the heading wave side. Furthermore, when the probability of the load cases are not taken into account, the fatigue damage of the tower base also increases with increasing wind speed. It has the same tendency as that of the axial stress, indicating that the fatigue damage is mainly dominated by the range of the axial stress. Due to the low occurring probability of severe sea conditions within the normal wind turbine operation period, it can be concluded that the tower base experiences the largest fatigue damage at the rated wind speed condition. Therefore, in order to get the reasonable results of the fatigue damage in the real environments, the probability of joint wind and wave should be involved.
Effect of simulation length on fatigue analysis of floating wind turbine
The mean axial stresses, the ranges of axial stress and the 2-h fatigue damages for different simulation lengths vary from 10 min to 2 h are compared to investigate the effect of simulation length on fatigue analysis. The fatigue damages calculated based on the 10 min to 1 h durations are scaled up for comparison with the 2 h fatigue damage. The relative error in Table 6 refers to the relative difference to the results calculated by the 2 h simulation length.
From Table 6 , it can be found that the mean axial stress is almost the same for different simulation lengths which indicates that the mean axial stress value is independent to simulation length.
Compared to the mean axial stress value, the range of axial stress is affected by simulation length to a certain extent. The range of the axial stress calculated based on the 2-h simulation length is greater than that based on the other simulation lengths, indicating that the situations which lead to larger fatigue damage are included in the time series of the axial stress when the simulation length increases. Essentially, the fatigue damage calculated with short simulation length can be Table 5 Statistical properties of the loads at tower base.
LC1
LC2 LC3 underestimated or overestimated, and it depends on the selection of the period of simulation. Nevertheless, by Table 6 , it also can be pointed out that as the simulation length increases, the relative error decreases. Furthermore, with regard to point 1, 1 h simulation length is sufficient for the short-term fatigue analysis. But for point 4, 1 h simulation length seems to be not necessary to estimate the fatigue damage but can be solved by increasing the number of random realizations.
The effect of the misaligned wind and wave condition on fatigue damage
The effect of misaligned wind and wave is investigated in this part. The wind direction is fixed and the wave direction varies from 0 to 90 Based on the statistical results of loading under misaligned wind and wave (Table 7) , it can be concluded that as the wave direction changes from the X axis to the Y axis, the range of the edgewise bending moment increases and the range of the flapwise bending moment decreases. However, the flapwise bending moment still remains as the dominating component considered in the calculation of fatigue damage. Moreover, it is worthwhile to notice that the mean value of the axial force and the bending moments are independent of the misaligned wind and wave.
From Fig. 8(a) , it can be observed that because the mean value of axial force and that of bending moments are nearly identical, the differences of the mean axial stresses under different wave directions are rather small. This proves that the misaligned wind and wave have little influence on the mean axial stress value. Nevertheless, the misaligned wind and wave condition exerts a tremendous influence on the range of the axial stress. As the wave direction varies from 0 to 90 , the point where the maximum range of the axial stress occurs also changes. Due to the effect of the fixed wind direction, the maximum range of the axial stress does not occur in the wave direction, but mostly occurs in the region between the wind and the wave directions. Furthermore, the differences among the ranges of axial stresses of the different points narrow with Table 7 Statistical properties of loadings in the tower base for misaligned wind and wave. the increasing angle between the wind and the wave direction. That is because the loadings result from the wind counteract as a part of the loadings derived from the misaligned wave. Because of the similar mean axial stresses under different wave directions, the fatigue damage has the same variation tendency as the range of the axial stress (Fig. 9) . The point experiencing the maximum fatigue damage changes along with the wave direction. But the maximum fatigue damage mostly occurs in the region between wind and wave direction due to the effect of loadings resulted from the wind. Meanwhile, the differences among fatigue damages at different points narrow with the wave direction varying from 0 to 90 .
The comparison of the fatigue damage under windonly and wave-only condition
The contributions of wind and wave to the fatigue damage are compared and investigated in this part. From the statistical results of the loadings under wind-wave, wind-only and waveonly conditions (Table 8) , it can be found that the mean values of the bending moments under wave-only condition are evidently smaller than those under wind-only condition, but the ranges of the bending moments under wave-only condition are slightly larger than those under wind-only condition. In addition, comparing the axial forces of all the load cases, it can be concluded that the axial force is almost unchanged. That is because the axial force is related to the smaller heave motion and the intrinsic characteristics of platform such as gravity, buoyancy and pre-tension of mooring line.
Due to the smaller flapwise bending moment under waveonly condition, the mean axial stress under wave-only condition is far less than that under wind-only condition. Meanwhile, the mean axial stress under wind-only condition is very close to the stress under wind-wave condition. Furthermore, for wave-only condition, the mean axial stresses are almost unchanged at different points.
From Table 8 , it is concluded that the mean value of bending moments under wind-wave condition is roughly equal to the sum of the mean value of bending moments under windonly and wave-only condition. Therefore, in Fig. 10(a) , the difference between the mean axial stress under wind-wave condition and the sum of the mean axial stresses under wind-only and wave-only conditions is rather small. It also verifies that the wind and wave induced loads affect the tower base's axial stress separately in a decoupled way. This difference is due to the similar mean axial force value.
The range of axial stress under wave-only condition is slightly larger than that under wind-only condition, indicating that wave contributes more to the fatigue damage than that of wind. But since the inflow wave has little influence on the points which are perpendicular to wave direction, in this case, the range of the axial stress under wave-only condition is less than that under wind-only condition, such as the point 4 in Fig. 10(b) .
By Fig. 11 , it can be concluded that the fatigue damage under wind-only condition is slightly less than that of waveonly condition at most points. Nevertheless, due to the less influence of inflow wave, the fatigue damages at the points which are perpendicular to wave direction have an opposite tendency. Furthermore, it can be found that the sum of the fatigue damage under wind-only or wave-only conditions is far less than the fatigue damage under wind-wave condition which is caused by the logarithmic characteristic of S-N curves. This illustrates that although the axial stress resulted from wind and wave induced loads can be calculated in a decoupled way, the fatigue damage under wind-wave condition cannot be calculated by adding the fatigue damages derived from wind-only and wave-only conditions directly.
Conclusions
The characteristics of short-term fatigue damage at the tower base of a spar-type offshore floating wind turbine under stochastic wind-wave loads are investigated, with the considerations of effects from simulation length, wind-wave misalignment, wind-only and wave-only effect on fatigue damage. Several conclusions can be drawn as follows.
(1) The response of the axial stress under wind-wave conditions is dominated by pitch resonant response, wave frequency response and the response corresponding to the 1st tower fore-aft natural frequency. The wind-induced load and wave-induced load affect the tower base's axial stress in a decoupled way. (2) The fatigue damage relates much with the axial stress of the tower base, so under the sea environment with higher wind speed, the tower base experiences higher fatigue damage. Furthermore, the joint probability of wind and wave should be considered in the calculation of fatigue damage. Therefore, under the sea environment with the rated wind speed, the tower base experiences higher fatigue damage than those of other wind speeds. (3) In order to reduce the workload during the calculation of fatigue damage, 1 h simulation length is sufficient to give a satisfactory fatigue damage estimation. (4) The misaligned wind and wave gives less differences of the fatigue damage among different points than unidirectional wind and waves. The point which experiences the highest fatigue damage varies with wave direction. Fig. 10. Statistical properties of axial stress for wind-wave, wind-only and wave-only. Fig. 11 . 2-h cumulative fatigue damage without probability on tower base for wind-wave, wind-only and wave-only.
(5) Due to the greater oscillating effect from wave, the fatigue damage resulting from wave loads is slightly greater than that induced by wind loads under specific wind and wave condition used in this paper. Meanwhile, the fatigue damage under wind-wave condition cannot be calculated separately.
